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Abstract

The need for high efficiency components has grown significantly due to the expanding role of fiber optic

communications for various applications. Integrated optics is in a state of metamorphosis and there are many

problems awaiting solutions. One of the main problems being the lack of a simple and efficient method of

coupling single-mode fibers to thin-film devices for integrated optics. In this paper, optical coupling between a

single-mode fiber and a uniform and tapered thin-film waveguide is theoretically modeled and analyzed. A novel

tapered structure presented in this paper is shown to produce perfect match for power transfer.

1. INTRODUCTION

Integrated Optics has come a long way since early 1970's. It is poised at the threshold of making a big

impact in everyday world. Integrated optics has drawn into several disciplines, such as computers and

microwave integrated circuit technology resulting in new fabrication technologies. The field is now in a state of

flux and there are still many problems awaiting solutions. One of the main problems being the lack of a simple

and efficient method of coupling optical fiber to thin-film devices for integrated optics. Although a number of

connectors are available in the market, the efficiency and reproducibility are low. In this paper, a novel uniform

and symmetrically tapered structure are analyzed mathematically and the results presented.

There are certain papers published by researchers in the area of thin-film couplers that are worthy of note, in that

they provide the background for the development of the proposed work and point towards issues raised by

shortcomings of the previous work. Louisell Ill investigated broadband bi-directional couplers in which he showed

that the phase constants and coupling coefficients vary with distance along two coupled transmission lines.

Ulrich [21 has shown by analysis how light can be coupled into a thin-film by means of a prism-film coupler. Akira

Ihaya [31 presented a mathematical model of a thin-film optical directional coupler consisting of a three-layered

deposited glass films on the substrate, with coupling occurring between the first and the third film. Wilson and

Teh[41 have shown a mathematical modeling of a tapered velocity directional coupler. Nelson [51 has theoretically



examined the coupling of single-mode optical waveguides through the use of expanding and contracting tapers.

Juichi Noda et al.[6] have show_ a connection between single mode fiber coupler to a Ti diffused LiNo3 strip

waveguide. The authors Y.Cai et al.[7], have analyzed the coupling characteristics of a uniform structure.

2. THEORETICAL BACKGROUND

In this paper, we present a novel method of coupling light from a single mode fiber to two structures : Uniform

and symmetrically tapered thin-film couplers. The model presented is an improved version of the uniform five

layered structure presented by Y. Cai et al [7]. Ira fiber is directly connected to the thin-film, as shown by Y.Cai et

al [71, it leads to a large mismatch of the field profiles at the interface and as a result, leads to loss of optical

power. To overcome this optical reflection and radiation losses, they proposed a five layered structure which is

shown in Figure 1. This consists of a coupling waveguide, buffer layers, thin-film layer and the substrate. To avoid

mismatch of the fiber core and the coupling waveguide field profiles at the interface, the coupling waveguide

dimensions are designed as 2aX2a, where 'a' is the radius of the fiber core. Guttmann et al[8]., have shown that

the field distributions of the fundamental mode of the cylindrical fiber core and the garnet material waveguide

differ slightly if the refractive index differences are smaller. Solgel solution is used at the interface such that any

slight refractive index mismatch between the fiber core and the coupling waveguide is minimized. The buffer layer

serves the purpose of coupling optical power to the thin-film waveguide of lower refractive index. Gadolinium

Gallium Garnet material was used as the thin-film material because of the properties exhibited by the material.

The buffer layers and the coupling waveguide are silica doped materials. The required refractive index of buffer

and coupling waveguides is obtained by doping TiO2 with SiO2.

The eigen mode equations of the five layered structure developed ( Figure 1 ) can be obtained by solving with

w=g=2a, where : w= the height of the coupling waveguide, a= radius of the fiber core, n_a=refractive index of the

coupling waveguide ( Garnet material ), no=refractive index of the buffer layer, nw = refractive index of the thin-

film material, g--wavelength of the wave ( 1.3gin ) and WI = height of the thin-film coupling waveguide. The

eigenmode equations developed by Y.Cai et al[9].,are :

Q,, : njK_ tan(Ks_.W / 2) --- ( 1 )

2 2
Qo=4(2x/_12(n2_-no)-K_ .... (2)

K_ {-1 + x/tan2 (g.K_) + 1} t
Q,= ...... (3)
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The parametem I_ Q, and k_, Qt

sinusoidal variation in the x and y directions.

determined by solving equations ( 1 to 4 ),
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are the x and y components of the wavenumbers. K_ and K_ represent the

The propagation constant of the coupling waveguide can be

..... (5)

with Wl andThe propagation constant _w of the thin-film waveguide is obtained by replacing n_ with nw, w

[3_ with 13w in equations( lto5 ). The value of Wl for the thin-film is so chosen such that highest power

coupling occurs between the coupling waveguide and the thin-film at this value. The optimum value W 1 is chosen

such that 13_ = [3w for no mismatch. The thickness of the buffer layer has a direct bearing on the power coupled

from the coupling waveguide to the thin-film waveguide and an optimum value is chosen such that there is a

maximum power transfer from the coupling waveguide to the thin-film waveguide. The propagation constant of

the thin-film varies because of the change in value of w along the z direction. Therefore the mismatch, M depends

on the propagation constant difference given by M(z) = flgg - flw (z) ..m ( 6 )
2C

and the maximum fraction of power transferred between the coupling waveguide and the thin-film waveguide with

a fixed mismatch M, is given by F 2 = ( 1 + M: ) -i .... ( 7 )

Application of the theory developed by Snyder et al[10l and Snyder [111, to the model analyzed in Figure 1, gives

the power coupled into the thin-film for a uniform coupler as

g

= P F: Sin 2 _ (C / F)dz ..... ( 8 )p,

0

where P is the total power introduced, C the coupling coefficient between the center of the coupling waveguide

and the center of the thin-film waveguide. In this paper, we present a novel uniform and symmetrically tapered

structure ( Figure 2 ) where the modes of a uniform waveguide form a complete set and can propagate

independently from one another, while the tapered modes are coupled together and adjust their charactenstics to

suit the varying transverse properties of the guiding structure as they are moving along the taper. Dunng the

process of coupling the light from the uniform coupling waveguide to the thin-film waveguide, the wave is kept in

the lowest order mode. For the shape shown in this paper,( Winn and Harris [12]),the power coupled at the

g

1- F2 Sin : f(C/F)d=) .... ( 9 )end is given by Po = P' (narrow

0

In this paper while analyzing the theoretical model of the uniform and tapered coupler we made the assumpuon

that the materials used are lossless and therefore there are no Fresnel's reflections at the interfaces and that there

are no lossess at the interface of the fiber core and the coupling waveguide.



3. RESULTS AND DISCUSSION

The material used for the analysis of umform and tapered couplers is Gadolinium Gallium Garnet (GGG). The

coupling waveguide material used is GGG. Buffer layer material is spun silica which is doped with TiO2. Thin-

film material is po|ymenzed solgel solution of SiO_ and TiO2. The refractive index of coupling waveguide, ngg =

1.9389 @ )_ = 1.3pm. The refractive index of the buffer layers is chosen, as l_ = 1.9340 and the refractive index

of the thin-film material, nw = 1.9450. Figure 3 shows the plot of C versus d, where C is the coupling coefficient

and d is the distance from the center of the coupling wavcgnidc to the center of the thin-film. This equation given

by Snyder [II], is

The refractive index of GGG versus wavelength is shown in Figure 4. The expression used to calculate the

refractive index is ne - I = _'_ /2)2_ - .... (11)
i=1

where Ai and L, are the sellmeier coefficients,given by Wood and Nassau [13].

By solving the eqt_tious (lto5) with _2a=g, the propagation constant _m = 9.3253804 gm _ was obtained.

Figure 5 shows the propagation constant for the thin-film as a function of the film thickness Wl. The propagation

constant of the thin-film equals the propagation constant of the coupling waveguide when the thickness

Wl=O.886pan. The maximum coupling power is attained at 1_ = _w = 9.3253804 pan"_ . Figure 6 shows the

plot of coupled power versus the propagation distance for the uniform coupler of different d's for perfectly

matching constants _ss = _w at thickness of thin-film w--0.886 pan. Figure 7 shows the power coupled for

uniform and tapered couplers with respect to the distance z and the taper starts at length LI = 700p.m, _tth

slopes CK) of the symmetrical taper at 0.0001, 0.00009 and 0.00002. Figure 8 shows the effect of the thickness of

the thin-film and the role played by the taper in the power output.

4. CONCLUSION

The novel structure (Figure 2) exhibits broad-bandwidth coupling characteristics and it is easy to manufacture

since it does not put serious constraints on the accura_' of the coupling length of the coupler. The taper has the

distinctive advantage of confining the power within the taper such that the output stays approximately near the

value of the power introduced at the start of the taper. The outstanding feature of the taper is the higher efficiency

as compared to the more conventional devices.



Figure 1. Schematic diagram of Single-mode fiber to
tldn-flhn wavegu/de using a coupling waveodde

FiIure 3. Coupling coefficient venus seperation distance
between center of coupling waveguide to center of thin-

film wIveluide.
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Fllure 2. Schematic diagram of the proposed novel

tapered structure.

3

t

i

7.10

1,90 ,',

L-'V

1.75

GO0

\
\

,co i_. uo

FiIUre 4. Refractive index of gallium garnet as a function

of wavelenIth.
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Figure 2. Propagation constants venus thickness of thin- Figure 6. Plot of pc_wer coupled into thin-film versus

film. length for various values old.
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Figure 7. Comparison ofuniform power md tapered

power coupled into thin-film with taper at LI-700 lml fo r
different cases of K for a thin-film thlcimess of

Wl- 0.886 pat.
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